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Different  types  of  treatment  methods  for  anode  materials  are  reported  to  enhance  power  production  in 
microbial  fuel  cells  (MFCs).  Here  we  report  a  simple,  cost-effective  and  environmentally  friendly  elec¬ 
trochemical  oxidation  technique  that  is  used  to  modify  the  carbon  cloth  for  the  improvement  of  MFC 
performance.  Carbon  cloth  is  immersed  in  a  5%  NH4HCO3  solution  and  then  the  solution  is  oxidized  at 
different  set  currents.  Optimal  performance  is  obtained  at  14  mA  cm-2  with  an  oxidation  time  of  2  min, 
based  on  production  of  a  maximum  power  density  of  939  db  7  mW  m-2  in  MFC  tests,  which  is  14.2%  higher 
than  that  of  the  untreated  carbon  cloth  control.  This  treatment  method  increases  the  electrochemical 
active  surface  area  by  2.9  times  (from  11.2  to  44.1  cm2),  and  improves  the  exchange  current  density  by  41% 
(from  4.79  x  1CT4  to  6.76  x  10-4  A  m-2).  XPS  analysis  indicates  that  electrochemical  oxidation  in  this 
solution  introduced  amide  groups  onto  the  electrode  surface,  which  likely  improves  bacterial  adsorption 
and  current  production.  These  results  show  that  simple  electrochemical  treatment  method  can  increase 
active  surface  area  and  alter  carbon  cloth  anodes  in  ways  that  increase  power  production  of  the  MFC. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Microbial  fuel  cells  (MFCs)  are  technologies  that  use  exoelec- 
trogenic  bacterial  to  directly  transform  chemical  energy  to  electrical 
energy,  while  degrading  organic  pollutants  in  wastewater  [1,2]. 
MFCs  have  drawn  attention  as  a  novel  method  for  wastewater 
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treatment,  generation  of  renewable  energy  resources,  and  envi¬ 
ronmental  bioremediation  [3-5].  The  energy  stored  in  organic 
matter  is  released  during  exoelectrogenic  bacterial  metabolism  as 
electrical  current  to  the  anode  surface  [6].  Thus,  improving  anode 
performance  is  important  for  increasing  power  production  using 
MFCs  [7]. 

The  anodes  used  in  MFCs  can  be  improved  by  increasing  specific 
surface  area,  electrical  conductivity,  electrochemical  stability,  and 
biocompatibility,  while  reducing  electrode  costs  8].  The  most 
widely  used  MFC  anode  materials  are  made  from  carbon  materials, 


392 


J.  Liu  et  al.  /  Journal  of  Power  Sources  265  (2014)  391-396 


including  carbon  paper,  carbon  cloth,  carbon  felt,  carbon  fiber 
brush,  graphite  rods,  and  graphite  plates  [9].  Previous  research  has 
shown  that  electrode  performance  can  be  improved  through 
chemical  modifications  of  the  anode.  N-functional  group  doped 
treatments  have  significantly  increased  the  maximum  power 
density.  Cheng  et  al.  showed  that  ammonia  gas  treatment  (700  °C 
for  1  h)  improved  the  maximum  power  density  of  an  MFC  by  20%, 
compared  to  the  untreated  carbon  cloth  [10].  Feng  et  al.  used  a 
simpler  heat  treatment  (450  °C  for  30  min)  without  ammonia  that 
increased  the  maximum  power  output  of  an  MFC  with  carbon  fiber 
brush  anodes  by  25%.  This  result  showed  that  the  process  improved 
performance  due  to  the  increase  in  the  Nls/Cls  ratio  [11].  Zhu  et  al. 
modified  the  carbon  fiber  felt  by  applying  nitric  acid  and  ethyl- 
enediamine,  which  reduced  the  start-up  time  by  45%  and  51% 
compared  to  unmodified  anode  materials  [12].  The  observed  dif¬ 
ferences  were  attributed  to  variations  in  functional  groups  on  the 
anode  surface.  Adding  anthraquinone  disulfonate  (AQDS)  into  a 
polypyrrole  (PPy)  membrane  to  modify  the  carbon  felt  anode  was 
also  shown  to  improve  power  production  of  the  MFC  due  to  the 
increase  of  the  electron  transfer  efficiency  and  bacteria  attached  to 
the  anode  [13].  Using  pyrrole,  a  nontoxic  macromolecule  polymer 
to  modify  carbon  cloth  anode,  the  initial  power  density  increased 
from  20  mW  m~2  to  160  mW  m  2  [14].  Qiao  et  al.  examined  the 
electrocatalytic  activity  of  polyaniline-coated  electrode  and  a  car¬ 
bon  nanotube/polyaniline  electrode  on  nickel  foam.  They  found 
that  the  polyaniline/carbon  nanotube  electrode  had  better  perfor¬ 
mance  than  the  polyaniline  electrode  [15].  Although  heat  treatment 
methods  or  chemical  modification  techniques  can  enhance  the 
performance  of  MFCs,  special  demands  are  required  during  the 
treatment  process,  including  specific  complicated  apparatus,  high 
treatment  temperatures,  long  treatment  time  or  expensive  chem¬ 
icals.  So  that  the  capital  costs  may  be  increased  and  the  application 
of  these  techniques  will  be  blocked. 

Electrochemical  oxidation  technology  has  been  regarded  as  a 
simple,  efficient,  cost-effective  and  environmentally  friendly  elec¬ 
trochemical  processing  technique  for  material  surface  modification 
[16].  Compared  with  other  electrode  modification  techniques,  the 
electrochemical  oxidation  method  can  be  used  to  clean  the  elec¬ 
trode  surface,  remove  the  impurities  on  the  surface,  improve  the 
mechanical  strength  of  the  carbon  material  [17,18]  and  increase  the 
adhesion  of  bacteria  to  the  surface  [19].  Ammonium  bicarbonate 
(NH4HCO3)  is  comparatively  mild  electrolyte  solution  that  can  be 
used  to  decrease  oxygen  functional  groups  on  the  surface  of  ma¬ 
terials  [20].  Previous  results  showed  that  the  decrease  in  the  rela¬ 
tive  content  of  oxygen  functional  groups  on  the  surface  of  treated 
anodes  could  improve  power  output  of  MFC  [7,11].  Therefore,  we 
examined  the  use  of  electrochemical  oxidation  treatment  of  carbon 
anodes  in  a  NH4HCO3  solution  as  a  method  to  enhance  the  elec¬ 
trochemical  activity  of  the  carbon  cloth  electrode.  The  character¬ 
istics  of  the  anode  surface,  the  changes  of  the  surface  function 
groups,  and  the  performance  of  the  MFCs  with  these  electro- 
chemically  treated  electrodes  were  compared  before  and  after  the 
treatment  under  different  oxidation  current  densities. 

2.  Materials  and  methods 

2.1  Electrochemical  oxidation  treatment  of  anodes 

All  anodes  were  made  of  non- wet  proofed  carbon  cloth  (E-TEK, 
USA)  that  were  soaked  in  acetone  overnight,  and  then  rinsed  in 
ultrapure  water  (18.2  MQ  cm  at  25  °C)  before  use.  Electrochemical 
oxidation  of  the  carbon  electrodes  was  carried  out  using  an  elec¬ 
trochemical  workstation  (CHI600D,  CH  Instruments  Inc.,  China).  A 
two-electrode  system  was  used  with  carbon  cloth  (CC)  as  the 
working  electrode,  stainless  steel  electrode  as  the  counter  electrode, 


and  a  2  cm  inter-electrode  spacing.  NH4HCO3  (5%)  was  used  as  the 
electrolyte.  Current  densities  were  set  to  0, 3, 7  and  14  mA  cm-2,  and 
reaction  time  was  2  min  for  the  electrochemical  oxidation.  Treated 
carbon  cloth  electrodes  were  then  rinsed  with  ultrapure  water  five 
times  to  remove  the  residual  chemicals,  and  dried  in  an  oven  at 
105  °C  for  2  h  before  use. 

2.2.  MFC  construction  and  operation 

Single  chambered,  cubic-shaped  reactors  were  used  with  an 
anode  chamber  2  cm  in  length  by  3  cm  in  diameter  (liquid  volume 
of  14  mL,  projected  surface  area  of  the  cathode  of  7  cm2)  [21].  Air 
cathodes  were  made  of  carbon  cloth  (type  B-1B,  30%  wet  proofing, 
E-TEK,  USA)  with  0.35  mg  cm"2  Pt/C  catalyst  (Cl -10  10%  HP  Pt  on 
Vulcan  XC-72,  BASF,  USA)  on  the  water  side  using  a  Nation  (5  wt%, 
Sigma— Aldrich,  USA)  binder,  four  polytetrafluoroethylene  (PTFE) 
diffusion  layers  on  the  air  side  (Dupont,  USA)  as  previously 
described  [22].  All  MFCs  were  inoculated  with  domestic  waste- 
water  (30%,  v/v)  from  the  Wenchang  Wastewater  Treatment  Plant, 
and  operated  in  fed-batch  mode  at  a  fixed  external  resistance  of 
1000  Q  (unless  otherwise  specified).  The  MFCs  were  fed  sodium 
acetate  as  the  substrate  (1  g  L_1)  in  a  50  mmol  L-1  phosphate  buffer 
solution  (PBS,  pFI  7.0)  containing  mineral  (12.5  mL  L -1)  and  vitamin 
(5  mL  L-1)  solutions  [23].  Tests  were  conducted  using  duplicate 
reactors  at  30  °C  in  a  temperature-controlled  room. 

2.3.  Chemical  and  electrochemical  analysis 

Multi-modal  imaging  Atomic  Force  Microscopy  (AFM,  Veeco 
Instruments  Inc,  USA)  was  performed  at  room  temperature  and  a 
relative  humidity  of  30%.  The  images  of  the  carbon  fiber  surface 
before  and  after  modification  were  analyzed  and  processed  using 
the  Nanoscope  III  software  supplied  by  the  AFM.  Both  character¬ 
ization  of  surface  composition  and  functional  group  distribution  of 
the  carbon  fiber  surfaces  were  measured  by  X-ray  photoelectron 
spectroscopy  (XPS;  PHI  5700  ESCA  System,  Physical  Electronics, 
USA)  with  a  monochromatic  Al  Koc  X-ray  radiation  source 
(hv  =  1486.6  eV)  at  an  incident  angle  of  90°  [11  ].  The  bulk  element 
composition  of  sample  was  obtained  over  a  scan  range  of  1350- 
0  eV.  All  electron  binding  energies  were  referenced  to  the  Cls 
spectrum  of  neutral  graphitic  carbon  peak  at  284.6  eV.  The  XPS 
spectra  data  was  accomplished  with  the  software  MultiPak  V6.1A 
(Physical  Electronics  Inc.). 

Electrochemical  active  surface  area  (EASA)  tests  were  conducted 
using  MFC  reactors  containing  a  working  electrode  (modified  or 
plain  carbon  cloth  anodes),  a  counter  electrode  (Pt  plate),  and  an 
Ag/AgCl  reference  electrode  (195  mV  vs.  SHE,  Spsic-Rex  Instrument 
Factory,  China).  The  electrolytes  contained  5  mM  K4Fe(CN)6  and 
0.2  M  Na2S04.  EASA  tests  were  estimated  by  cyclic  voltammetry 
(CV)  over  the  scan  range  of  -0.4  V  to  +1.0  V  [7].  Exchange  current 
density  (i’o,  A  cm-2)  measurements  were  performed  at  the  open 
circuit  potentials  of  the  anode  (vs.  Ag/AgCl  reference  electrode) 
with  a  sweep  rate  of  1  mV  s-1  over  the  over  potential  range  {ri)  of 
0  mV— 100  mV  [24].  Both  the  electrochemical  active  surface  area 
and  exchange  current  density  measurements  were  tested  using  an 
electrochemical  workstation  (model  263 A,  AMETEK-AMT,  US).  The 
electrochemical  active  surface  area  (EASA)  was  calculated  by  But- 
ler-Volmer  equation  as  previously  described  [7].  Both  exchange 
current  density  (io,  A  m-2)  and  kinetic  activity  (KA)  were  calculated 
by  Tafel  plots  as  previously  described  [24]. 

2.4.  Calculations 

Cell  voltages  (U,  V)  across  the  external  resistor  (1000  Cl,  except  as 
noted)  were  measured  at  a  time  interval  of  30  min  using  a  data 
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acquisition  system  (PISO-813,  ICP  DAS  Co.,  Ltd.).  Current  density 
(i  =  UIARex)  (i,  A  m~2)  and  power  density  (P  =  U2 / ARex)  (P,  mW  m-2) 
were  calculated  as  previously  described,  where  U  (V)  is  the  voltage 
when  MFCs  reached  a  steady-state  condition,  Rex  (Q)  is  the  external 
resistor,  A  (m2)  is  the  cross  sectional  area  of  the  cathode  [25].  The 
polarization  curves  and  power  density  curves  were  obtained  by  the 
single-cycle  method  using  a  series  of  external  circuit  resistances 
varied  from  the  open  circuit  voltage  (OCV)  to  50  Q  in  decreasing 
order  (30  min  per  resistance)  [26]. 

3.  Results  and  discussion 

3.1  MFC  performance 

The  maximum  power  density  of  MFC  was  significantly  improved 
by  the  anode  performance  treated  with  different  current  densities 
(Fig.  1A,  B).  The  maximum  power  density  of  939  ±  7  mW  m-2  was 
obtained  at  the  oxidation  current  density  of  14  mA  cm-2  (CC-14), 
which  was  14.2%  higher  than  that  of  MFCs  using  untreated  carbon 
cloth  (CC).  This  was  4%  higher  than  that  obtained  at  7  mA  cm  2  (CC- 
7,  903  ±  9  mW  m-2)  and  7%  higher  compared  to  3  mA  cm-2  (CC-3, 
880  ±  10  mW  m-2).  The  lowest  power  density  of  822  ±  8  mW  nrr2 
was  produced  by  untreated  carbon  cloth.  The  measured  electrode 
potentials  showed  that  the  anode  potential  was  responsible  for  the 
differences  in  power  densities,  while  the  cathodes  showed  similar 
potentials  at  the  different  current  densities  (Fig.  1C).  The  anode 
potentials  were  gradually  decreased  (more  negative)  with  the  in¬ 
crease  in  current  density.  Previous  results  showed  that  the  relative 
negative  anode  potential  can  indicate  the  better  activity  of  anode 
communities  [27].  Thus,  the  more  negative  anode  potential  prob¬ 
ably  due  to  facilitated  the  growth,  adhesion  and  activity  of  bacteria. 

3.2.  Anode  surface  morphology  and  roughness  analysis 

AFM  three-dimensional  images  of  the  electrode  surface  struc¬ 
tures  showed  differences  in  morphologies  before  and  after  the 
electrochemical  oxidation  treatments  (Fig.  2).  The  surfaces  of  the 
plain  carbon  cloth  fibers  showed  a  clear  fibrous  skeleton,  a  uniform 
surface  structure,  and  it  had  a  relatively  smooth  surface  along  the 
fiber  length  (Fig.  2 A).  Protrusions  were  found  on  the  surface  of  plain 
carbon  cloth,  showing  some  impurities  on  the  surface.  In  contrast, 
the  surface  of  the  carbon  after  electrochemical  treatment  lacked 
these  impurities  (Fig.  2B-D),  which  indicated  that  the  electro¬ 
chemical  oxidation  treatment  had  a  cleaning  effect.  The  etching 
mark  on  the  electrode  surface  was  observed.  The  etching  degree 
enhanced  with  the  increasing  of  oxidation  current  densities.  As 
shown  in  Fig.  2B,  a  slight  striation  structure  was  produced  on  the 
surface  using  the  3  mA  cm-2  treatment.  With  the  treatment  at 
7  mA  cm-2,  these  striations  deepened  and  more  grooves  were 
produced  (Fig.  2C).  After  oxidation  treatment  at  14  mA  cm-2,  a  part 
of  the  skeleton  on  the  fiber  surface  was  etched,  and  the  new  sur¬ 
faces  and  edges  appeared  smooth  (Fig.  2D). 

The  surface  roughness  of  both  plain  and  treated  electrode  ma¬ 
terial  was  evaluated  in  terms  of  the  arithmetic  mean  of  the  absolute 
values  of  the  surface  height  deviations  relative  the  center  line,  Ra. 
The  surface  roughness  of  the  plain  carbon  cloth  (Ra  =  12  nm)  was 
increased  from  31  nm  at  3  mA  cm-2  to  49  nm  at  7  mA  cm-2.  When 
the  current  density  was  further  increased  to  CC-14,  Ra  decreased  to 
23  nm  due  to  the  increase  of  current  shear  force.  The  surface 
roughness  findings  are  consistent  with  the  evidence  of  AFM  three- 
dimensional  images  of  the  electrodes.  The  relatively  higher  surface 
roughness  compared  with  untreated  plain  carbon  cloth  could 
conducive  to  improve  the  three-dimensionally  interface  with 
electrode  and  facilitate  bacterial  adhesion  on  the  electrode  surfaces 
[28,29].  The  power  density  of  MFC  was  increased  with  the  increase 


Fig.  1.  (A)  Polarization  curves,  (B)  cathode  potentials,  and  (C)  anode  potentials  curves 
(vs.  Ag/AgCl  electrodes)  using  different  current  density.  CC:  untreated  carbon  cloth,  CC- 
3:  3  mA  cm"2,  CC-7:  7  mA  cm"2,  CC-14:  14  mA  cm"2. 

of  surface  roughness.  The  maximum  power  density  was  achieved 
by  using  CC-14,  despite  the  reduction  in  the  surface  roughness  of 
CC-14,  which  was  probably  due  to  new  surfaces  or  some  functional 
groups  appeared  on  the  electrode  interface  and  promoted  the 
bacteria  adhesion  to  the  anode. 

3.3.  Surface  characteristics  of  anode 

To  further  evaluate  both  electronic  structure  and  chemical 
characteristics  of  untreated  and  treated  anode,  the  electrodes  were 
examined  using  XPS.  The  XPS  results  indicated  the  presence  of  C 
(BE  ~  284.5  eV)  and  O  (BE  ~  531.5  eV)  elements  on  the  surface  of 
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Fig.  2.  AFM  photographs  of  untreated  carbon  cloth  (A)  and  after  electrochemical  oxidation  treatment  (B-D)  using  different  current  density.  CC:  untreated  carbon  cloth,  CC-3: 
3  mA  cm-2,  CC-7:  7  mA  cm"2,  CC-14:  14  mA  cm"2. 


plain  carbon  cloth  (Fig.  SI).  After  the  electrochemical  oxidation 
treatment,  extra  elements  N  (BE  ~  400  eV)  were  found  on  the 
surfaces  of  the  cloth  treated  at  14  mA  cm-2  (Table  SI),  and  the 
relative  elemental  amounts  of  Ols  decreased  from  9.96%  to  6.6%. 
The  relative  elemental  amounts  of  Ols  decrease  might  be  a  result  of 
the  cleaning  of  the  electrode  surface  by  electrochemical  oxidation 
treatment,  and  also  the  N  introduced  on  the  surface  would  have 
decreased  the  relative  O  content  [7].  The  N/C  ratio  increased  from 
0  (control,  CC)  to  0.80%  (CC-3),  1.26%  (CC-7)  and  1.14%  (CC-14),  and 
the  O/C  ratio  decreased  after  electrochemical  oxidation  treatment. 

New  hydrophilic  functional  groups  were  introduced  through  the 
interaction  of  the  electrode  and  electrolyte.  After  the  electro¬ 
chemical  oxidation  treatment,  the  Nls  peak  distribution  was  con¬ 
sisted  of  distinctive  bonds  which  had  different  binding  energies 
(Fig.  3)  and  different  surface  functional  groups,  such  as  C-N,  0=C- 
NH2,  N=0  and  O-N-O  (Fig.  4).  Amide  groups  were  found  and  their 
content  increased  with  oxidation  current  density.  The  highest  value 
52.7%  was  produced  using  CC-14.  The  increase  in  amide  group 
concentration  was  likely  due  to  the  ionized  ammonium  ions  con¬ 
tacting  to  electrode  surface,  where  they  reacted  with  carboxylic  acid 
functional  groups  on  the  surface  of  the  carbon  material  to  form  the 
N-functional  group.  The  trend  in  the  relative  abundance  of  amide 
group  based  on  XPS  analysis  showed  a  positive  correlation  with 
maximum  power  densities,  which  was  attributed  to  the  increased 
nitrogen-containing  functional  groups  after  electrochemical 
oxidation.  In  addition,  the  surface  charge  transfer  and  hydrophi- 
licity  were  also  changed,  which  could  have  improved  bacterial 
adhesion  on  the  electrode  surface  and  resulted  in  higher  power 


output  of  the  MFCs.  Previous  results  using  a  different  approach 
showed  that  an  increase  of  amino  groups  on  the  material  surface 
could  improve  the  electron  transfer  from  microorganism  to  the 
surface  of  the  electrode  [10].  The  nitrogen  ion  implantation  on  the 
carbon  paper  electrode  can  also  increase  the  conductivity,  water 
contact  angle  and  biofilm  attachment  between  the  bacteria  and  the 
electrode  [29].  When  the  anode  surface  was  chemically  modified, 
the  addition  of  nitrogen-containing  functional  groups  such  as  C-N, 
C=N  might  promote  the  improved  performance  of  the  electrode 
[30  .  Furthermore,  the  amide  group  could  increase  the  adsorption  of 
bacteria  to  the  electrode  surface  [31].  Consequently,  the  improved 
results  with  electrochemical  oxidation  treatment  might  be 
explained  by  the  modification  of  electrode  surface  coupled  to  the 
emergence  of  nitrogen-containing  functional  groups. 

3.4.  Electrochemical  analysis  of  modified  anodes 

The  electrochemical  performance  of  both  untreated  and  treated 
electrode  materials  was  evaluated  by  both  cyclic  voltammetry  (CV) 
and  changes  in  electrochemical  active  areas  (Fig.  5).  The  relative 
potential  changes  of  redox  peaks  observed  using  different  modified 
electrodes  might  be  ascribed  to  the  different  charge  transfer  coef¬ 
ficient  [7]  and  electrostatic  force  [32],  which  indicated  that  the 
different  functional  groups  were  successfully  introduced  to  the 
electrode  surfaces  by  the  electrochemical  oxidation.  The  peak 
current,  the  surface  area  of  electrochemical  activity,  and  the  charge 
transfer  coefficient  all  improved  with  higher  oxidation  current 
densities.  The  peak  current  of  the  plain  carbon  had  the  lowest 
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Binding  Energy  (eV) 

Fig.  3.  High- resolution  Nls  spectra  of  the  untreated  (A)  and  electrochemical  oxidation 
treatment  (B  to  D).  (A)  CC:  untreated  carbon  cloth;  (B)  CC-3:  3  mA  cm-2;  (C)  CC-7: 
7  mA  cm"2;  (D)  CC-14:  14  mA  cm"2. 


Fig.  4.  The  different  surface  functional  groups  percentages  of  N  Is  spectra.  CC: 
untreated  carbon  cloth,  CC-3:  3  mA  cm-2,  CC-7:  7  mA  cm-2,  CC-14:  14  mA  cm-2. 


current  response  of  8.0  mA  in  the  CV  tests,  indicating  that  electrode 
surface  without  treatment  had  a  little  activity  toward  electron 
transfer.  The  peak  current  of  CC-14  significantly  increased  to 
31.6  mA,  which  was  three  times  higher  than  that  of  the  untreated 
(control)  anode.  The  electrochemical  activity  area  and  the  charge 
transfer  coefficient  (0)  of  CC-14  were  2.9  times  (from  11.2  to 
44.1  cm2)  and  2.8  times  (from  0.15  to  0.57)  higher  than  of  the  un¬ 
treated  control  electrode  (Table  1 ).  Increases  in  surface  charge  and 
charge  transfer  coefficients  are  consistent  with  improved  electrode 
performance  [7]. 

3.5.  The  kinetic  characteristics  of  the  anodes 

The  exchange  current  density  (Jo)  depends  on  the  linear  area  of 
the  Tafel  curve,  and  it  is  the  main  factor  used  to  evaluate  the  charge 
transfer  coefficient  of  an  electrode.  A  linear  Tafel  regression  existed 
( R 2  >  0.99)  in  the  over  potential  interval  of  60  and  100  mV  (Fig.  6). 
The  open  circuit  potential,  jo  and  kinetic  activity  (KA)  of  anodic 
reaction  were  given  in  Table  2.  The  open  circuit  potential  for  elec¬ 
trodes  treated  at  increased  oxidation  current  densities  became 


-0.6  -0.3  0.0  0.3  0.6  0.9  1.2 

Potential  (V  vs.  Ag/AgCl) 

Fig.  5.  Cyclic  voltammetry  (CV)  of  carbon  cloth  before  and  after  electrochemical 
oxidation  treatment  using  different  current  density  in  5  Mm  K4Fe(CN)6  system.  CC: 
untreated  carbon  cloth,  CC-3:  3  mA  cm-2,  CC-7:  7  mA  cm-2,  CC-14:  14  mA  cm-2. 
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Table  1 

Transfer  coefficients  and  electrochemical  active  area  of  untreated  and  electro¬ 
chemical  oxidation  treatment  with  different  oxidation  current. 


ip  (mA) 

A  (cm2) 

Slope 

P 

CC 

8.03 

11.20 

2.48 

0.15 

CC-3 

9.09 

12.68 

4.46 

0.27 

CC-7 

15.54 

21.67 

5.18 

0.31 

CC-14 

31.62 

44.11 

9.26 

0.57 

Fig.  6.  Tafel  plots  of  MFC  with  carbon  cloth  electrodes  before  and  after  electrochemical 
oxidation  treatment.  The  scan  rate  is  1  mV  s_1,  from  7]  =  0-100  mV,  where  77  =  0  is  the 
open  circuit  potential. 

more  negative  compared  to  the  control,  indicating  that  electro¬ 
chemical  oxidation  improved  the  electrode  performance.  This 
result  was  consistent  with  that  obtained  with  CV  and  polarization 
curve  analyses.  The  jo  and  KA  were  increased  with  oxidation  cur¬ 
rent  density.  The  CC-14  had  the  highest  KA,  which  was  41%  higher 
than  that  obtained  with  the  untreated  CC,  and  the  jo  values  was 
increased  from  4.79  (CC)  to  6.76  A  cm-2  (CC-14).  The  increase  of 
both  j0  and  KA  may  be  attributed  to  the  changed  surface  structure 
and  facilitated  electron  transfer.  Thus,  it  was  clearly  shown  that  the 
rate  of  the  electron  transfer  of  the  anode  could  be  improved  by 
electrochemical  oxidation. 

4.  Conclusions 

An  optimal  operating  condition  for  electrochemical  oxidation 
was  obtained  of  14  mA  cm-2  at  2  min,  with  an  increase  in  the  power 
density  of  14.2%.  The  exchange  current  density  i0  was  also  increased 
by  41%  compared  to  the  untreated  control.  The  electrochemical 
oxidation  greatly  changed  the  electrode  surface  structure  and 
introduced  amide  groups  and  nitrogen  functional  groups  to  the 
surface,  which  enhanced  electrochemical  performance.  Electro¬ 
chemical  oxidation  improved  the  electrochemical  activity  of  the 
electrode,  increased  the  bioaccessible  surface  area  and  facilitated 


Table  2 

Tafel  curve  conversion  of  untreated  and  electrochemical  oxidation  treatment  with 
different  oxidation  current. 


OCP  (mV  vs.  Ag/AgCl) 

i0  (mA  m  2) 

KA 

CC 

-466 

4.79 

1.00 

CC-3 

-469 

5.50 

1.15 

CC-7 

472 

6.17 

1.29 

CC-14 

473 

6.76 

1.41 

electron  transfer.  Therefore,  these  results  showed  that  electro¬ 
chemical  oxidation  of  the  anode  was  an  effective  method  for 
modification  to  improve  MFC  performance. 
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